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1.0  INTRODUCTi jH 


In  munition  manufacturing  facilities,  reinforced  concrete  dividing 
walls  are  used  as  shields  for  personnel  protection  and  as  physical  barri¬ 
ers  between  explosive  production  steps.  If  an  explosion  should  occur, 
the  dividing  wall  may  break  up  under  the  overpressure  loading.  Fragments 
emerging  from  the  back  side  of  the  wall  may  impact  an  adjacent  explosive 
source  with  sufficient  energy  to  cause  a  secondary  initiation,  or  may  be 
a  hazard  for  nearby  inhabited  buildings.  The  sensitivity  of  selected  muni¬ 
tions  and  explosives  to  fragment  impact  is  being  investigated  and  sufficient 
data  are  available  to  predict  threshold  initiation  conditions.  However,  the 
fragment  hazard  associated  with  wall  breakup  under  blast  loadings  is  an  area 
which  has  not  been  extensively  studied.  Current  predictive  techniques  for 
determining  wall  fragmentation  are  based  solely  on  analytical  studies  which 
have  limited  scopes  and  few  practical  design  applications.  For  these  rea¬ 
sons.  the  current  safety  regulations  which  have  evolved  are  quite  conser¬ 
vative: 

1)  building  must  be  located  such  that  less  than  ont  fragment 
per  55.7  m^  (600  ft^)  exposed  building  area  with  an  energy 
greater  than  78.6  J  (58  foot  pounds)  strikes  the  structure; 

2)  if  the  above  criteria  (1)  cannot  be  met,  then  inhabited 
building  distance  of  381  m  (1250  ft)  minimum  is  required 
for  siting  quantities  greater  than  45.4  kg  (100  lb). 

In  the  majority  of  design  applications,  the  spall  fragment  density 
is  not  known,  so  the  second  and  most  costly  requirement  is  usually  enforced. 

The  objective  of  this  program  was  to  determine  the  fragmentation 
characteristics  of  reinforced  concrete  and  masonry  dividing  walls  subjected 
to  close-in  blast  effects.  A  literature  search  and  review  of  related  pro¬ 
grams  was  performed.  A  model  analysis  was  also  developed  as  part  of  this 
program.  A  test  plan  was  developed  based  on  the  model  analysis  and  on  a 
review  of  the  pertinent  data.  Validation  tests  using  l/6th-scale  reiiiforced 
concrete  dividing  wall  models  and  full  scale  masonry  walls  were  performed 
and  the  pertinent  data  recorded.  Comparisons  of  the  experimental  versus  the 
predicted  results  were  performed  and  predictive  models  developed. 

This  report  is  divided  into  five  major  sections.  Section  2.0  de¬ 
scribes  the  experimental  program,  including  the  development  of  the  test 
plan,  the  test  set-up,  fabrication  of  the  l/6th-scala  model  walls,  and 
the  data  collection  and  reduction  procedures.  Section  3.0  presents  the 
results  of  the  experimental  program  for  both  the  reinforced  concrete  and 
masonry  walls.  The  effects  of  varying  wall  thickness,  reinforcement,  con¬ 
crete  strength,  charge  location  and  impulse  on  the  fragmentation  charac¬ 
teristics  of  reinforced  concrete  are  all  discussed  in  this  section.  Sec¬ 
tion  4.0  presents  conclusions,  while  Section  5.0  presents  recommendations 
and  Section  6.0  is  the  list  of  references.  The  results  of  the  literature 
search  and  review  of  related  programs  as  well  as  the  details  of  the  model 
analysis  are  presented  in  Appendix  A. 


1 


2.0  EXPERIMENTAL  PROGRAM 


2.1  General 


The  objective  of  this  test  program  was  to  obtain  the  fragmentation 
characteristics  of  reinforced  concrete  dividing  walls  and  masonry  divid¬ 
ing  walls  subjected  to  transient  air  shocks.  Fragment  data  such  as  frag¬ 
ment  velocities,  shapes,  sizes,  and  density  downrange  were  obtained  for 
l/6th-scale  model  reinforced  concrete  dividing  walls  and  for  full-scale 
masonry  block  dividing  walls.  The  tests  on  the  reinforced  concrete  walls 
were  performed  varying  the  wail  thickness,  reinforcement  bar  spacing,  wall 
support  conditions,  charge  weight,  and  standoff  distance.  The  tests  on  the 
masonry  block  walls  were  performed  varying  only  the  charge  size  and  standoff 
distance.  Fragment  velocities  were  measured  for  all  tests  using  high-speed 
cameras,  and  the  fragments  themselves  were  recovered  using  a  fine  sand 
runway.  Fragment  downrange  positions  were  recorded  and  each  individual 
fragment  was  weighed  and  sized. 


2.2  Fabrication  of  Reinforced  Concrete  Model  Walls 


In  selecting  a  representative  scale  model  dividing  wall,  consider¬ 
able  research  was  performed  to  obtain  the  physical  dimensions  of  a  full- 
scale  dividing  wall.  It  was  found  that  dividing  walls  range  in  thickness 
from  15.24  cm  (6.0  inches)  to  several  feet,  in  height,  from  2.44  to  4.57  m 
(8.0  to  15.0  feet)  and  in  width  from  2.44  to  6.1  m  (8.0  to  20.0  feet). 
Most  dividing  walls  have  vertical  and  horizontal  reinforcement  bars  [No. 

4  rebar  at  30.48  cm  (12  inches)  centers]  and  may  or  may  not  have  lacing. 
TM  5-1300  (Reference  1)  requires  that  newer  walls  have  lacing;  however, 
for  this  program  it  was  decided  to  limit  the  study  to  walls  with  vertical 
and  horizontal  reinforcements  without  lacing.  Four  full-scale  wall  de¬ 
signs  were  selected  as  being  representative  of  dividing  walls  and  they 
include  the  following: 

1)  2.44  m  x  2.44  m  x  0.3  m  (8  ft  x  8  ft  x  1  ft)  with  No.  4 
rebar  at  30.5  cm  (12  in)  centers 

2)  2.44  m  x  2.44  m  x  0.3  m  (8  ft  x  8  ft  x  1  ft)  with  No.  4 
rebar  at  15.2  cm  (6  in)  centers 

3)  2.44  m  x  2.44  m  x  0.46  m  (8  ft  x  8  ft  x  1.5  ft)  with  No. 

4  rebar  at  30.5  cm  (12  in)  centers 

4)  2.44  m  x  2.44  m  x  0.46  m  (8  ft  x  8  ft  x  1.5  ft)  with  No. 

4  rebar  at  15.2  cm  (6  in)  centers. 

As  previously  mentioned,  it  was  decided  to  use  l/6th-scale  model  walls 
and  the  corresponding  l/6th-scale  model  walls  had  the  following  dimen¬ 
sions  : 


1) 


0.46m  x  0.46  m  x  5.1  c.m  (18  in  x  18  in  x 
0.21  cm  (0,083  in)  wire  at  5.1  cm  (2  in) 
(Design  No.  1) 


2  in)  with 
centers 
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2)  0.46  m  x  0.46  m  x  5.1  cm  (18  in  x  18  in  x  2  in)  with 
0.21  cm  (0.083  in)  wire  at  2.54  cm  (1  in)  centers 
(Design  No.  2) 

3)  0.46  m  x  0.46  m  x  7.62  cm  (18  in  x  18  in  x  3  in)  with 
0.21  cm  (0.083  in)  wire  at  5.1  cm  (2  in)  centers 
(Design  No.  3) 

4)  0.46  m  x  0.46  m  x  7.62  cm  (18  in  x  18  in  x  3  in)  with 
0.21  cm  (0.083  in)  wire  at  2.54  cm  (1  in)  centers 
(Design  No.  4). 

In  fabricating  the  l/6th-scale  model  walls,  14  gage  [0.21  cm  (0.083  in) 
diameter]  galvanized  steel  wire  was  used  to  simulate  the  reinforcing 
bars.  It  was  felt  that  the  bond  between  the  rebar  and  the  concrete  in 
the  full-scale  walls  was  important  enough  that  an  attempt  to  model  the 
deformations  on  the  full-scale  rebar  should  be  made.  Therefore,  a  knurl¬ 
ing  tool  was  used  to  deform  the  14  gage  wire.  Figure  2-1  presents  a 
picture  of  the  deformed  wire.  Yield  and  tensile  strength  tests  were 
performed  on  the  deformed  wire  and  the  yield  strength  was  found  to  be 
404.4  MPa  (58,700  psi)  and  the  ultimate  strength  was  451.3  MPa  (65,500 
psi)  with  a  percent  elongation  of  approximately  14  percent.  These 
strengths  were  judged  to  be  acceptable  and  this  particular  type  of  wire 
was  used  in  all  of  the  scaled  reinforced  concrete  walls. 

A  number  of  concrete  mixes  were  also  evaluated  in  an  effort  to 
obtain  a  concrete  and  scaled  aggregate  which  would  give  the  necessary 
compressive  strength  of  approximately  27.6  MPa  (4,000  psi).  Table  2-1 
presents  a  summary  of  the  various  mixes  which  were  tested.  Included  in 
this  table  are  the  results  of  '.ne  compressive  strength  tests  performed 
on  each  type  concrete.  Initially,  the  decision  was  made  to  use  a  Port¬ 
land  Type  III  concrete  which  is  a  fast  setting,  high  strength  concrete. 
However,  the  compressive  strengths  for  the  mixes  using  Type  III  concrete 
were  either  too  high  or  the  mix  was  too  thick  and  would  not  flow.  It 
was  decided  to  use  Type  I  concrete  instead  of  Type  III  because  the  Type 
I  would  attain  lower  strengths  than  the  Type  III,  i.e.,  in  the  neighbor¬ 
hood  of  27.6  MPa  (4,000  psi)  after  a  seven  day  cure,  and  the  strength 
would  not  increase  appreciably  over  a  several  month  time  span.  Tests 
No.  3,  4  and  5  were  performed  using  different  aggregate,  sand,  and  con¬ 
crete  ratios  and  also  by  varying  the  amount  of  water.  The  resulting 
mixes  were  found  to  be  either  too  thick  or  the  strength  was  too  low. 

IVo  more  concrete  mixes  were  tested.  Tests  No.  6  and  7.  These  mixes 
were  fluid  enough  to  allow  for  easy  pouring  into  the  molds  for  the 
scale  walls  and  the  strengths;  specifically  Test  No.  7  was  acceptable. 

Molds  for  the  reinforced  concrete  walls  were  composed  of  a  rec¬ 
tangular  plywood  frame  which  was  designed  to  be  reusable.  Each  mold 
had  a  series  of  holes  drilled  into  the  sides  which  accepted  the  scale 
rebar  and  held  it  in  position  at  the  proper  depth  in  the  wall,  about 
6.35  mm  (0.25  in)  from  the  surface  of  the  wall.  Figure  2-2  shows  a 
completed  mold  with  both  vertical  and  horizontal  rebar.  The  concrete 
was  poured  into  the  molds  such  that  an  approximate  layer  of  concrete, 

6.35  mm  (0.25  in)  thick,  covered  the  rebar  on  both  the  front  and  back 
sides  of  the  wall.  Compression  test  coupons  were  poured  every  time 
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Figure  2-1.  Deformed  Wire  Used  to  Simulate  Reinforcement  Bars 


Table  2-1.  Concrete  Mixes 


Figure  2-2.  Fabrication  Mold  for  Reinforced  Concrete  Panels 
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that  walls  were  poured  to  allow  the  determination  of  the  walls'  compres¬ 
sive  strength  at  the  time  of  testing.  The  test  walls  were  allowed  to 
cure  for  at  least  seven  days  prior  to  testing. 

A  test  fixture  was  designed  to  allow  for  testing  the  scaled  model 
reinforced  concrete  walls  in  two  support  configurations,  i.e.,  one  side 
supported  and  three  side  supported.  A  design  drawing  of  the  mounting 
fixture  has  been  included  in  this  report  as  Figure  2-3.  This  fixture 
consists  of  a  15.24  cm  (6.0  in)  deep  horizontal  bracket  and  two  remov¬ 
able  7.62  cm  (3.0  in)  deep  side  brackets.  Walls  to  be  tested  with  one 
side  fixed  were  mounted  in  the  horizontal  bracket.  For  tests  with  three 
sides  fixed,  the  vertical  side  brackets  were  attached  to  the  fixture  and 
the  wall  was  then  slipped  down  between  the  two  side  brackets  and  into  the 
horizontal  bracket.  Shims  were  used  to  secure  the  wall  rigidly  inside 
the  frame,  both  at  the  sides  and  at  the  bottom.  Figure  2-4  shows  a  wall 
supported  on  one  side,  at  the  base,  simulating  a  wall  fixed  at  th^  bottom 
and  Figure  2-5  shows  a  wall  supported  on  three  sides. 


2  . 3  Fabrication  of  Masonry  Block  Dividing  Walls 

The  primary  emphasis  of  this  program  was  on  fragmentation  of  blast 
loaded  reinforced  concrete  walls,  however,  a  limited  test  program,  i.e., 
four  tents,  was  conducted  on  masonry  block  dividing  walls.  Due  to  the 
difficulties  associated  with  fabricating  l/6th-scale  model  masonry  blocks 
and  the  complexity  of  the  molds  that  would  have  to  be  built,  it  was  de¬ 
cided  to  use  full-scale  masonry  blocks.  The  walls  fabricated  were  163 
cm  (64.0  in)  wide,  142  cm  (56.0  in)  high  and  supported  only  at  the  base. 

A  review  of  design  drawings  for  typical  masonry  walls  showed  that  these 
walls  normally  have  Mo.  6  rebar  at  122  cm  (48.0  in)  centers  as  well  as  a 
wall/ foundation  tie-down.  The  masonry  block  dividing  walls  built  for 
this  program  had  this  reinforcement  as  shown  in  Figure  2-6.  TVo  divid¬ 
ing  walls  were  built  using  the  standard  haydite  blocks  and  two  walls  were 
built  using  the  stronger  concrete  blocks.  Each  of  the  walls  was  allowed 
to  cure  for  at  least  three  days  prior  to  testing.  The  two  tests  performed 
on  the  haydite  block  walls  used  the  same  charge  weight,  0.454  kg  (1  lb) 
of  C-4  explosive;  however,  the  standoff  distance  was  varied.  One  of  the 
tests  on  the  concrete  block  wall  was  performed  using  0.454  kg  (1  lb)  of 
C-4  charge  and  at  the  same  standoff  as  the  haydite  block  tests  fov  com¬ 
parison  purposes  and  the  second  test  was  performed  using  a  1.362  kg  (3.0 
lb)  of  C-4  charge.  Details  of  the  test  program  are  provided  in  a  later 
section. 


2 .4  Tost  Setup  and  Procedures 

A  detailed  test  program  was  developed  for  this  study  and  is  sum¬ 
marized  in  Table  2-2.  Tests  were  conducted  varying  the.  reinforced  con¬ 
crete  wall  thickness,  the  percent  reinforcement,  the  charge  size,  the 
standoff  distance  and  the  constraint  conditions.  The  initial  values 
for  the  peak  specific  impulse  delivered  to  the  panels  were  calculated 


Figure  2-3.  Schematic  Drawing  of  the  Reinforced  Concrete 

Panel  Mounting  Fixture 


igure  2-4.  Photograph  of  the  iest  r 
Single  Side  Supported  Test 


ph  of  the  Test  Fixture  for  a 
e  Supported  Test 


using  the  TM  5-1300  criteria  given  in  Appendix  A  as  equation  (A-2) . 

The  actual  standoff  distances  and  charge  weights  employed  in  these  tests 
were  determined  from  the  impulse  versus  scaled  distance  curves  in  Refer¬ 
ence  2.  The  tests  were  conducted  utilizing  the  test  setup  end  procedures  as 
described  below. 

The  setup  used  for  the  testing  of  the  reinforced  concrete  wail3 
consisted  of  a  mounting  fixture,  a  fragment  recovery  pit,  camera  emplace¬ 
ments,  velocity  grid  sheets,  and  an  explosive  charge  support  frame.  The 
fragment  recovery  area  consisted  of  a  fine  sand  runway  4.9  m  (16.0  ft) 
wide  and  33  m  (108.0  ft)  long,  and  the  support  frame  was  mounted  at  the 
head  of  this  recovery  area.  The  test  setup  is  shown  schematically  in 
Figure  2-7.  A  gridded  background  was  positioned  directly  across  from 
a  high-speed  camera  and  a  witness  camera,  used  in  determining  fragment 
velocities.  The  high-speed  camera  normally  was  run  at  400  frames  per 
second  while  the  witness  camera  was  run  at  64  frames  per  second.  The 
scale  model  wall  was  divided  into  quadrants  and  each  quarter  was  painted 
with  a  different  color,  i.e.,  blue,  green,  red,  and  white,  in  an  effort 
to  determine  better  the  fragmentation  pattern  downrange,  i.e.,  which 
quadrant  did  the  fragments  come  from,  and  how  many  fragments  were  pro¬ 
duced  from  each  quadrant.  Briefly,  the  test  sequence  consisted  of  mount¬ 
ing  the  test  wall  in  the  support  frame,  loading  and  positioning  the  cam¬ 
eras  across  from  the  gridded  backgound,  and  then  positioning  the  C-4 
explosive  charge.  For  the  majority  of  the  tests,  the  C-4  charge  was  po¬ 
sitioned  0.18  m  (0.6  ft)  from  the  base  of  the  wall  to  simulate  a  charge  lo¬ 
cated  0.9  m  (3.0  ft)  from  the  floor  of  a  full-scale  building.  After  the  charge 
was  detonated,  the  resulting  fragments  were  numbered,  their  position  in 
the  recovery  pit  was  recorded,  and  the  fragments  were  collected  for  later 
data  reduction.  The  data  reduction  consisted  of  sizing  and  weighing  each 
fragment,  determining  whether  the  fragments  were  chunky,  i.e.,  large  drag 
area  and  a  very  small  lift  area,  or  pancake,  i.e.,  large  lift  a>:ea  and  a 
small  drag  area,  and  determining  the  fragment  velocities.  As  previously 
mentioned,  the  high-speed  camera  and  the  gridded  background  were  used  to 
determine  fragment  velocities.  The  velocity  of  a  fragment  was  calculated 
by  measuring  the  time,  i.e.,  the  number  of  frames  on  the  high-speed  film, 
that  it  took  the  fragment  to  travel  a  specific  distance  as  referenced  on 
the  gridded  background.  Since  the  gridded  background  was  1.2  m  (4.0  ft) 
from  the  center  of  the  panel,  the  distance  traveled  by  a  fragment  as 
measured  on  the  grid  was  adjusted  to  account  for  the  depth  of  field 
errors.  For  example,  Figure  2-8  shows  a  setup  for  a  typical  test,  with 
the  cameras  located  6.6  m  (21.5  ft)  from  the  center  of  the  test  wall, 
and  the  gridded  background  located  1.2  m  (4.0  ft)  from  the  center  of  the 
wall.  If  the  fragment  traveled  1.2  m  (4.0  ft)  as  referenced  by  the  grid, 
the  fragment  will  actually  travel  only  0.85  m  (2.8  ft).  Whenever  possi¬ 
ble,  velocities  were  calculated  for  several  fragments  for  each  test.  A 
summary  of  the  velocities  for  all  of  the  tests  is  given  in  a  later  sec¬ 
tion  of  this  report. 


3.0  TEST  RESULTS 


3 . 1  General 


Tests  were  conducted  against  l/6th-scale  reinforced  concrete  walls 
and  against  full-scale  masonry  block  walls  during  this  program.  In  each 
test,  the  fragment  velocity  was  recorded  using  high-speed  16  mm  cameras. 
The  fragments  were  collected  in  a  fine  sand  runway  and  the  mass,  dimen¬ 
sions  and  range  traveled  for  each  fragment  were  recorded.  In  addition, 
the  geometric  shape  of  the  fragment,  and  the  color  of  the  fragment  was 
recorded.  The  information  collected  on  each  test  was  entered  into  a 
computer  for  data  reduction.  Because  of  the  large  number  of  fragments 
collected  in  these  tests,  it  is  impractical  to  present  all  of  the  data 
collected  during  this  effort.  Instead,  statistical  summaries  of  the 
fragments  collected  and  variations  in  the  maximum  responses  will  be 
presented. 


3.2  Reinforced  Concrete  Panel  Test  Results 


Failure  Patterns 

Appendix  B  presents  a  detailed  description  of  the  results  of  each 
test,  with  emphasis  on  the  panel  failure  patterns.  Panel  failure  modes 
are  quite  complex,  and  depend  primarily  on  the  impulse  applied  to  the 
panel,  the  edge  conditions,  wall  thickness,  amount  of  reinforcing,  and 
the  concrete  strength.  As  the  impulse  applied  to  the  panel  is  varied, 
the  wall  response  can  vary  from  little  or  no  response,  incipient  spalla¬ 
tion,  localized  spallation  similar  to  ballistic  plugging  behavior,  mas¬ 
sive  spallation  and  even  the  shearing  of  the  panel  out  of  its  support. 
Panels  supported  on  one  edge  often  have  a  tendency,  at  moderate  impulse 
levels,  to  fail  at  the  base  so  that  the  panel  undergoes  a  net  rotation, 
away  from  the  charge.  Usually,  the  panel  perimeter  is  relatively  intact 
except  at  the  center  where  a  localized  volume  of  interior  concrete*  and 
a  large  portion  of  the  surface  concrecet  has  been  ejected.  As  the  im¬ 
pulse  level  is  increased,  the  panel  will  often  fail  both  at  the  bottom 
support  and  on  a  line  parallel  to  the  bottom  support  near  the  level  of 
the  charge  as  is  shown  in  Figure  3-1.  This  type  of  dual  hinge  failure 
is  associated  with  a  large  number  of  high  velocity,  but  moderate  mass 


*Interior  fragments  -  fragments  originating  from  the  concrete  between 
the  reinforcement  layers.  Generally,  these  fragments  are  chunky  and 
of  a  size  less  than  the  reinforcement  spacing. 

tSurface  fragments  -  fragments  originating  from  the  thin  layer  of  con¬ 
crete  between  the  panel  surface  and  the  nearest  reinforcement  layer. 
Generally,  they  are  pancake  shaped. 


Figure  3-1,  Dual  Hinge  Failure  of  a  Single  Side  Supported 

Reinforced  Concrete  Panel 


fragments.  At  higher  impulse  levels,  the  wall  is  sheared  completely 
from  the  support.  Often  major  pieces  of  the  wall  (1/4  to  3/4  of  the 
panel)  remain  intact  and  can  travel  substantial  distances,  albeit  at 
low  velocities.  The  trajectory  of  these  extremely  large  fragments  is 
very  flat  so  that  they  usually  roll  end  over  end,  much  like  a  wheel. 
Also  associated  with  these  high  impulse  tests  are  a  very  high  number 
of  fragments,  many  with  significant  and  potentially  damaging  masses 
and  velocities. 

Panels  supported  on  three  edges  exhibit  failure  patterns  that 
are  markedly  different  than  panels  supported  only  on  one  edge.  At  low 
impulse  levels,  the  panels  fail  at  all  three  supports  and  at  the  cen¬ 
ter  along  a  line  parallel  to  the  two  upright  supports.  A  small  volume 
of  interior  concrete  and  a  large  portion  of  the  surface  concrete  is 
usually  ejected  as  was  the  case  in  the  test  panel  shown  in  Figure  3-2. 
As  the  impulse  increases  to  moderate  levels,  more  fragments  with  larg¬ 
er  masses  and  higher  velocities  are  ejected.  At  large  impulses,  the 
panel  may  shear  completely  off  at  the  supports  as  was  the  case  in  Test 
36  (see  Figure  3-3)  .  In  this  test,  the  lower  two  quadrants  were  mas¬ 
sively  fractured  and  moat  of  this  material  has  separated  from  the  bulk 
of  the  panel.  The  upper  right  quadrant  tumbled  in  a  low  trajectory 
and  landed  17  m  (56.0  ft)  downrange.  The  top  left  quadrant  traveled 
in  a  low  trajectory  to  a  point  4.3  m  (14.1  ft)  downrange. 


3.3  General  Summary  of  Test  Results 

For  each  test,  a  general  summary  of  the  test  results  was  prepared. 
This  summary  contains  information  about  all  aspects  of  the  tests  includ¬ 
ing  a  description  of  the  panel,  the  charge  and  the  fragments  produced. 

The  fragment  characteristic  summary  contains  the  number  of  fragments  re¬ 
covered,  the  average  and  largest  mass,  the  average  and  the  longest  range 
for  each  of  three  fragment  categories:  source,  shape  and  total.  "Source" 
refers  to  the  probable  origin  of  the  fragment.  Possible  sources  are  in  - 
terior  fragments,  fragments  from  the  acceptor  side  of  the  panel,  and 
fragments  from  the  front  face  of  the  panel.  This  latter  category  is 
further  subdivided  into  quadrants  of  the  panel  from  which  the  fragments 
originated,  as  determined  by  the  fragment  color.  The  bottom  quadrants 
were  painted  red  or  white,  and  the  top  quadrants  were  painted  blue  and 
green.  The  shape  category  has  two  posslblltlei,:  “chunky"  or  "pancake." 

A  fragment  is  characterized  as  being  a  "pancake"  if  the  ratio  of  the 
largest  fragment  dimensions  to  the  smallest  dimension  etceeds  2.0.  All 
other  fragments  are  considered  "chunxy."  The  final  fragment  category  is 
labeled  total.  As  its  name  implies,  this  category  summarizes  the  data 
collected  for  every  test. 

The  general  test  summaries  are  found  in  Appendix  C  organized  by 
test  number.  Several  general  observations  can  be  drawn  from  the 
summaries  in  Appendix  C.  First,  all  "pancake"  fragments  usually  out¬ 
number  "chunky"  fragments  by  a  better  than  2  to  1  margin.  However, 
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Figure  3-3,  Failure  Pattern  of  a  Three  Side  Supported  Panel 

at  High  Impulse  Levels 


the  "chunky"  fragments  average  range  is  almost  always  greater  than  the 
average  range  of  the  "pancake"  fragments.  In  single  side  supported 
tests,  the  average  range  for  "chunky"  fragments  averaged  approximately 
1.75  times  that  for  "pancake"  fragments.  In  three  side  supported  tests, 
"chunky"  fragments  averaged  only  1.2  times  the  "pancake"  fragment  aver¬ 
age  range.  Fragments  originating  from  the  interior  of  the  panel  or  from 
the  front  face,  the  painted  side,  each  represent  about  40%  of  the  frag¬ 
ments  generated  cn  a  given  test.  The  remaining  20%  originate  from  the 
acceptor  side  of  the  panel.  On  tests  where  the  charge  was  centered  on 
the  exposed  part  of  the  wall  (Tests  1,  2,  and  3),  the  majority  of  the 
fragments  originate  from  the  lower  two  quadrants,  i.e.,  about  twice  as 
many  fragments  originated  from  the  lower  half  of  the  panel  as  from  the 
upper  portion  of  the  panel.  When  the  charge  was  lowered  to  one-third 
the  height  of  the  panel,  the  majority  of  the  fragments  originated  from 
the  lower  quadrant,  i.e.,  approximately  three  times  as  many  fragments 
were  produced  from  the  lower  quadrants  cf  the  wall  as  from  the  upper 
quadrants , 


3. 4  Fragment  Mass  Distributions 

The  mass  distribution  of  fragments  emanating  from  the  reinforced 
concrete  walls  are  plotted  in  Figures  3-4  through  3-8.  The  format  of 
the  curves  is  the  same  as  used  in  arena  tests  of  bombs  and  large  caliber 
projectiles:  Mott  distribution  (Reference  3).  These  curves  consist  of 
plotting  the  number  cf  fragments  with  a  mass  greater  than  a  given  mass, 

M.  The  mass  distributions  are  plotted  in  several  sets  depending  on  the 
wall  strength,  the  charge  placement  and  the  number  of  sides  supported. 

The  test  series  number  in  the  plot  title  (see  Table  2-2) ,  is  used  to 
group  tests  with  similar  panel  geometry.  For  example,  test  series  3 
consists  of  all  single  side  supported  panels,  7.62  cm  (3.0  in)  thick 
and  rebar  spacing  of  2.54  cm  (1.0  in).  If  the  charge  was  centered  on 
the  panel,  a  "C"  is  appended  to  the  test  series  number.  If  the  panel 
strength,  as  measured  in  static  compression,  exceeds  27.6  MPa  (4000 
psi) ,  an  "S"  for  strong  is  appended  to  the  test  series  number.  Other¬ 
wise,  a  "W"  for  weak  is  used.  Figure  3-4  presents  the  mass  distribu¬ 
tions  for  the  three  tests  with  the  charge  centered  on  the  panel.  Fig¬ 
ures  3-5  and  3-6  present  the  mass  distribution  for  weak  and  strong 
panels  supported  on  one  edge.  Figures  3-7  and  3-8  present  the  same 
distribution  for  weak  and  strong  panels  supported  on  three  edges.  The 
effect  of  panel  strength  on  mass  distribution  can  be  observed  by  com¬ 
paring  the  data  for  Test  4  [fc'  -  9.2  MPa  (1330  psi)]  and  Test  9  [fc'  - 
33  MPa  (4800  psi)]  (See  Figures  3-5b  and  3-6b)  .  The  two  curves  are  near¬ 
ly  parallel  with  the  weaker  panel  producing  more  fragments  in  each  size 
range  than  the  strong  panel  for  the  same  impulse  applied  to  the  panel. 

The  effect  of  reinforcement  spacing  can  be  observed  by  comparing  Tests 
8  [Rg  -  2.54  cm  (1.0  in)]  and  9  [Rs  -  5.09  cm  (2.0  in)]  (See  Figures 
3-6a  and  3-6b) .  Again,  the  curves  are  essentially  parallel  with  the 
tests  using  widely  spaced  rebar  producing  more  fragments  than  in  the 
closely  spaced  rebar  tests.  Hie  effect  of  panel  restraint  can  be 
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Figure  3-8a.  Mass  Distribution  for  Test  Series  5S 
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observed  by  comparing  Tests  21  ‘'three  side  supported)  and  17  (one  side 
supported).  In  this  case,  three  side  supported  panels  p"oduced  more 
fragments  in  each  mass  range.  The  effect  of  increasing  the  impulse  can 
be  clearly  seen  on  Figure  3-6d.  Each  test  corresponds  to  an  increasing 
total  impulse  level  ranging  from  2.53  x  10^  to  6.18  x  10^  Nt-sec  (56,900 
for  Test  10  to  139,000  lbf-sec  for  Test  18).  Note  that  Test  18  had  a 
1.362  kg  (3.0  lb)  charge  while  the  remaining  tests  had  0.454  kg  (1.0 
lb)  charges.  In  summary,  more  fragments  at  each  mass  level  are  produced, 
all  other  parameters  held  constant,  when: 

•  the  total  impulse  applied  to  the  panel  is  increased, 

•  the  panel  compressive  strength  is  decreased, 

•  the  reinforcement  spacing  is  increased,  or 

•  the  number  of  supporting  edges  is  increased. 


3 .5  Fragment  Range  Distributions 

Fragment  range  distributions  are  presented  in  Figures  3-9  through 
3-13  in  a  format  similar  to  that  used  to  present  the  mass  distributions. 
Figure  3-9  presents  the  range  distributions  for  tests  with  the  explosive 
charge  centered  on  the  panel.  Figures  3-10  and  3-li  present  the  range 
distributions  for  weak  and  strong  single  edge  supported  panels.  Figures 
3-12  and  3-13  are  the  range  data  for  weak  and  strong  panels  supported  on 
three  edges.  The  effect  of  varying  the  various  test  parameters  on  the 
range  distribution  was  examined  using  the  same  tests  for  a  comparison 
basis  as  in  the  mass  distribution  discussion.  It  was  found  that  more 
fragments  at  each  range  level  were  produced  when: 

•  the  total  impulse  was  Increased, 

•  the  panel  compressive  strength  was  decreased, 

•  the  reinforcement  spacing  was  increased,  or 

•  the  number  of  supporting  edges  was  increased. 

The  ranges  presented  in  this  section  represent  l/6th-scale  test  results. 
Direct  extrapolation  to  full-scale  range  is  not  possible  since  the  accel¬ 
eration  due  to  gravity  was  not  properly  scaled.  The  qualitative  results, 
that  is,  the  effect  of  changing  the  various  test  parameters,  are  thought 
to  be  accurate. 


3 . 6  Velocity  Distributions 

Table  3-1  summarizes  the  fragment  velocity  data  accumulated  dur¬ 
ing  this  program.  The  number  of  fragment  velocities  reduced  for  each 
test  range  from  one  to  ten  readings,  which  is  a  small  percentage  of  the 
total  number  of  fragments  produced  on  a  test.  The  fragments  selected 
were  chosen  to  obtain  a  cross  section  of  the  velocities  present  on  each 
test,  but  the  choice  of  fragments  selected  was  biased  towards  the  fast¬ 
est  fragments  to  ensure  that  the  highest  velocity  was  reduced.  For  this 
reason,  no  statistical  analysis  of  fragment  velocities  was  performed. 
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Figure  3-10a.  Range  Distribution  for  Test  Series  1W 
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Figure  3-10c.  Range  Distribution  for  Test  Series  3W 


i 


;< 


A 


i 

w. 


ft 

I 

4 

w 

I 

4 

I 

1 


•v> 

* 

3 

$ 


41 


NO.  FRAGS  RANGE  GREATER  THAN 


NO.  FRAGS  RANGE  GREATER  THAN 


RANGE  GREATER  THAN 


FRAGS  RANGE  GREATER  THAN 


COMBINED  DISTRIBUTION  FOR  TEST  SERIES  5S 


47 


FRAGS  RANGE  GREATER  THAN 


FRAGS  RANGE  GREATER  THAN 


ft? 


Tut 

Ho. 

NVrat 

2 

1 

11.278 

10.881 

12.192 

13.686 

14.781 

19.964 

10.S46 

11.716 

13.880 

4.785 

3.852 

9.906 

■B 

1.494 

m 

S 

1.714 

10.546 

13.106 

s 

3 

7.417 

5.502 

4.886 

9 

a 

8.0467 

9.845 

10 

i 

8.5019 

9.388 

11 

5 

8.839 

15.545 

12 

'  ■ 

4.694 

7.539 

U 

2.883 

6.492 

8.809 

14 

11.186 

IS 

7 

4.572 

15.433 

19.416 

16 

6 

1.981 

2.874 

3.627 

17 

7 

6.919 

7.193 

wgm 

IS 

7 

22.172 

27.310 

19 

S 

6.949 

■SB 

10.241 

20 

7 

4.877 

MSB 

8.108 

21 

8 

4.113 

BBS 

6.066 

22 

7 

3.475 

10.577 

11.399 

23 

8 

6.858 

9.296 

10.698 

24 

9 

8.441 

9.083 

2..  .758 

23 

8 

7.071 

16.124 

18.898 

26 

10 

2.774 

3.170 

5.090 

27 

■£p&|{ 

3.292 

4.328 

4.572 

28 

1 

6.404 

6.440 

7.437 

29 

7.193 

7.346 

7.894 

30 

1 

10.638 

12.405 

31 

* 

1.962 

8.199 

32 

3.078 

3.683 

8.382 

31 

1 

2.569 

2.903 

7.166 

14 

4.481 

6.949 

8.217 

35 

5 

13.106 

14.905 

21.610 

36 

8 

4.907 

12.710 

16.002 

L 


t  Velocity  Computation  Summary  ’  1 

! 


Ftapunt  V  loclty,  (■/«) 


4 

5 

6 

7 

8 

9 

10 

24.171 

33.558 

41.636 

16.398 

20.604 

26.243 

10.028 

10.119 

15.850 

13.137 

24.018 

11.491 

17.922 

18.166 

19.599 

20.025 

WM 

19.233 

I9BB 

10.820 

10.820 

20.361 

9.997 

10.424 

20.313 

26.944 

31.364 

19.660 

20.269 

21.732 

23.652 

4.237 

5.423 

18.839 

12.466 

12.327 

15.240 

20 .086 

31.832 

32.796 

33.101 

35.692 

11.460 

11.387. 

10.942 

11.064 

11.91B 

12.954 

6.828 

8.656 

8.748 

14.387 

17.556 

13.198 

13.807 

14.173 

15.240 

16.835 

20.665 

24.933 

26.396 

27.80 

16.734 

18.318 

18.959 

19.812 

19.873 

20.726 

21.092 

23.927 

26.792 

26.853 

28.011 

12.131 

13.545 

15.850 

19.141 

19.368 

20.391 

23.470 

4.633 

5.486 

7.224 

9.632 

8.593 

10.241 

13.045 

12.893 

13.198 

13.607 

12.616 

12.774 

10.272 

27.354 

35.032 

21.031 

21.031 

25.274 

27.005 

ai.iai 

. 

;S 

4 

i 

,V. 

J 

$ 

it 

l 

‘V 


51 


3.7 


Maximum  Responses 


In  the  following  paragraphs  the  largest  velocity,  range  and  mass 
observed  in  the  reinforced  concrete  tests  will  be  discussed.  These  re¬ 
sponses  are  given  in  Tables  3-2  and  3-3  for  the  single  and  three  side  sup¬ 
ported  test  series.  The  responses  are  presented  graphically  in  an  empir¬ 
ically  derived  format.  The  plots  are  all  a  function  of  a  parameter  which 
we  call  the  impulse  factor.  Equation  3-1,  the  impulse  factor,  is  defined 
as  the  total  impulse  applied  to  the  panel  I^ot*  divided  by  the  square  root 
of  the  effective  panel  thickness.  The  effective  thickness  is,  in  turn, 
defined  as  the  total  panel  thickness,  t,  minus  the  amount  of  concrete  cov¬ 
ering  the  rebar  on  the  front  (painted  side,  opposite  the  charge)  face  of 
the  panel,  d  . 


Impulse  Factor 


't-d. 


(3-1) 


In  some  cases,  a  scaled  impulse  factor,  defined  as  the  impulse  factor 
divided  by  the  square  root  of  the  explosive  weight,  is  used.  In  each  case 
two  plots  are  given,  one  for  strong  [f  ”*  >  27.6  MPa  (4000  psi) ]  panels  sup¬ 
ported  on  one  edge  and  one  for  the  panels  supported  on  three  edges.  Also  in 
figures  which  follow,  1.362  kg  (3.0  lb)  charges  are  denoted  by  a  plot  symbol 
which  has  been  colored  in;  0.454  kg  (1.0  lb)  charges  are  open  and  0.227  kg 
(0.5  lb)  are  partially  colored. 

The  total  impulse  was  obtained  by  integrating  the  impulse  distri¬ 
bution  over  the  surface  of  the  panel.  Reference  4  provides  some  experi¬ 
mentally  derived  curves  which  give  the  impulse  distribution  over  a  plot 
surface  as  a  function  of  the  scaled  standoff  distance.  The  curves  from 
Reference  4  were  curve  fitted  to  obtain  a  mathematical  expression  which 
can  be  used  to  evaluate  the  impulse  at  any  one  point  on  the  panel  sur¬ 
face.  The  resulting  curve  fit  expression  is  given  by  equation  (3-2)  and 
is  displayed  in  Figure  3-14. 


=  exp  (A  Sech 


(B) ) , 


lb-sec  \ 

lb1/3  j 


(3-2) 


where  A  =  5.232  -  1.627  In  Z  +  0.3346  (In  Z)2 

B  =  [0.751  +  0  .0958  Z  -  (0.134  +  0.0211  Z)  <p]  <p 

Z  =  Scaled  standoff  distance,  in  ft/lb3-/3 

41  =  Scaled  position,  X/U,  (see  insert  in  Figure  3-14). 

This  equation  can  be  used  to  obtain  reasonable  estimates  for  the  impulse 
at  any  point  on  a  flat  surface  subject  to  the  following  constraints: 

Scaled  distance:  0.3  £  R/W1/3  <  3.0,  ft/lb1/3 
Scaled  position:  0  £  <j>  <  3.0 
Charge  weight:  0.5  <  <  3.0,  lb 


To  obtain  the  total  impulse  acting  on  the  panel,  equation  (3-2) 
was  integrated  over  the  surface  area  of  the  panel.  For  a  square  panel 
with  a  length  of  one  side  of  Z,  and  the  charge  located  at  one  half  the 
height  of  the  panel,  the  total  impulse  is  given  by: 
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Equation  (3-3)  cannot  be  integrated  directly,  so  the  numerical  procedure 
given  by  equation  (3-4)  was  devised.  As  long  as  Ax  and  Ay  are  sufficient 
ly  small,  equation  (3-4)  will  provide  a  reasonably  accurate  estimate  for 
the  total  impulse  acting  on  a  panel. 

1/2 

4/2 

V 

\ 

wl/3 

Ax  Ay 

(3-4) 

x=o 

y=o 

The  total  Impulse  was  calculated  for  each  of  the  36  reinforced  concrete 
tests  using  Ax  and  Ay  of  one-hundredth  of  the  length  of  one  panel  side. 
The  total  impulse  for  the  one  and  three  side  supported  panels  was  sum¬ 
marized  in  Tables  J-l  and  3-2. 


3.7.1  Largest  Velocity 

Figures  3-15a  and  3-15b  present  the  largest  velocity  data  for  the 
single  and  three  side  supported  tests.  In  both  cases,  the  largest  velo¬ 
city  increases  roughly  linearly  with  the  impulse  factor,  ItoT*  Both 
sets  of  data  were  curve  fit  and  the  resulting  linear  equations  are  shown 
on  the  respective  plots.  Also  shown  on  the  figures  are  the  standard 
deviation  a,  and  the  multiple  correlation  coefficient  r  of  the  curve  fits. 
The  fit  for  the  three  side  support  curve  is  better  than  the  one  for  one  edge 
supported,  as  evidenced  by  the  lower  standard  deviation  and  multiple  correla¬ 
tion  coefficient.  At  low  impulse  levels,  the  largest  velocity  is  about  the 
same  for  both  kinds  of  supporting  arrangements.  For  high  impulse  levels,  above 
approximately  14.0  x  105  Nt-s/m^  (1.8  x  105  psi-s/ftty,  the  largest  velo¬ 
city  for  three  side  supported  panels  begins  to  exceed  that  for  the  single 
side  supported  panels.  Note  that  the  0.227  kg  (0.5  lb)  and  1.36  kg  (3.0 
lb)  charges  on  both  graphs  follow  the  trend  line  of  the  0.454  kg  (1.0  lb) 
charge  data. 


3.7.2  Largest  Range 

Figures  3-16a  and  ?-16b  present  the  curves  for  the  largest  range 
for  fragments  emanating  from  panels  supported  on  one  and  three  sides. 
The  use  of  the  scaled  range  defined  as  the  largest  range  Rl,  divided 
by  the  rebar  spacing  Rg,  appears  to  correlate  the  test  data  adequately 
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Figure  3-16a.  The  Largest  Fragment  Range  as  a  Function  of 
the  Scaled  Impulse  Factor  for  Single  Side  Supported  Panels 
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with  the  scaled  impulse  factor  for  the  single  side  supported  panels,  and 
the  impulse  factor  for  the  panels  supported  on  three  sides.  This  implies 
that  at  equivalent  impulse  levels,  the  largest  range  will  be  about  twice 
as  long  for  panels  with  rebar  spacing  of  5.08  cm  (2.0  in)  as  than  for  panels 
with  Rg  =  2.54  cm  (1.0  in)  at  equivalent  impulse  levels.  Although  the 
graphs  are  on  different  scales,  it  is  clear  that  the  largest  range  for 
fragments  emanating  from  three  side  supported  panels  exceeds  that  of  the 
panels  supported  on  one  edge.  The  difference  is  negligible  at  low  im¬ 
pulse  levels,  but  increases  as  the  total  impulse  on  the  panel  increases. 
The  curve  fit  for  the  three  side  supported  panels  is  better  than  that  for 
the  cantilevered  panel  data  as  evidenced  by  the  higher  multiple  correla¬ 
tion  coefficient. 


3.7.3  Number  of  Fragments  Produced 

Figures  3-17a  and  3-17b  present  the  curves  for  the  number  of  frag¬ 
ments  produced  from  panels  with  one  and  three  side<;supported  .  The  data 
were  found  to  correlate  well  when  the  number  of  fragments,  Nf,  divided 
by  the  rebar  spacing,  Rs,  was  plotted  as  a  function  of  the  scaled  im¬ 
pulse  factor  for  cantilevered  panels,  and  the  impulse  factor  for  the 
panels  supported  on  one  edge.  This  implies  that  at  equivalent  impulse 
levels,  the  number  of  fragments  produced  in  tests  with  Rg  *  5.08  cm 
(2.0  in)  will  be  roughly  twice  that  for  panels  with  Rg  «  2.54  cm  (1.0 
in) . 


3.7.4  Largest  Mass 

Figure  3-18  presents  the  curves  for  the  largest  mass  recovered 
in  experiments  with  the  cantilevered  and  three  side  supported  panels. 

The  y-axls  on  the  plots  is  the  largest  mass,  M^,  divided  bv  the  rebar 
spacing,  Rg.  The  x-axis  is  the  scaled  impulse  factor  for  the  single 
side  supported  panels  or  the  impulse  factor  for  the  three  side  supported 
panels.  The  data  correlation  is  better  for  the  largest  mass  for  the 
three  side  supported  panels  as  evidenced  by  the  higher  multiple  correla¬ 
tion  coefficient.  It  is  apparent  that  at  equivalent  scaled  impulses,  the 
largest  mass  produced  in  experiments  with  reinforcement  spacirtgs  of  5.08 
cm  (2.0  in)  will  be  roughly  twice  that  for  tests  with  Rg  =  2.54  cm  (1.0  in). 


3 . 8  Masonry  Wall  Test  Results 

Four  tests  were  performed  on  full-scale  masonry  walls,  two  tests  on 
walls  built  using  haydite  blocks  and  two  tests  on  walls  built  using  con¬ 
crete  blocks.  Summaries  of  these  four  tests  were  prepared  and  have  been 
included  here  as  Table  .’—4.  Included  in  these  summaries  are  a  description 
of  the  wall  parameters,  charge  sire,  standoff  distance,  impulse,  number  of 
fragments  recovered,  maximum  fragment  range,  maximum  fragment  mass,  average 
fragment  velocity,  and  a  short  description  of  the  test  results. 
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Figure  J-.17a,  Number  of  Fragments  Produced  as  a  Function  of  the 
Scaled  Impulse  Factor  for  Single  Side  Supported  Panels 
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Table  3-4.  Masonry  Dividing  Wall  Test  Results 


Test  No's.  37  and  38  were  performed  on  walls  built  using  haydite 
blocks.  Test  No.  37  was  performed  using  a  0.454  kg  (1.0  lb)  charge  at  a 
standoff  distance  of  0.38  m  (1.25  ft).  The  wall  was  severely  cracked  and 
deformed  at  the  top,  but  the  lower  lows  of  blocks  were  fairly  intact,  as 
can  be  seen  in  Figure  3-19.  Test  No.  38  was  performed  using  a  1.362  kg 
(3.0  lb)  charge  at  the  same  standoff  distance  as  that  of  Test  No.  37. 
Since  the  scaled  impulse  was  significantly  higher,  a  greater  degree  of 
fragmentation  was  expected  and  did  in  fact  result.  A  total  of  229  frag¬ 
ments  were  produced,  with  the  majority  of  the  fragments  coming  from  the 
center  of  the  wall. 

Test  No's.  39  and  40  were  performed  on  walls  built  with  the  con¬ 
crete  blocks.  Test  No.  39  was  performed  using  the  same  charge  weight  and 
standoff  distance  used  in  Test  No.  37  in  order  to  obtain  a  comparison  be¬ 
tween  the  haydite  and  concrete  blocks.  A  total  of  78  fragments  were  pro¬ 
duced  in  this  test,  with  the  majority  of  fragments  originating  from  the 
center  of  the  wall  (see  Figure  3-20).  Several  complete  blocks  were 
launched  downrange  and  only  the  side  columns  remained  upright.  Test  No. 
40  was  performed  using  a  0.454  kg  (1.0  lb)  charge  and  a  standoff  distance 
of  0.3  m  (0.98  ft).  No  fragments  were  produced;  however,  the  wall  did 
sustain  a  vertical  crack  at  the  wall  center. 

Even  though  a  very  limited  number  of  tests  on  masonry  walls  were 
performed,  some  observations  and  general  conclusions  can  be  drawn: 

1)  the  masonry  block  walls  do  not  break  up  as 
drastically  as  do  the  reinforced  concrete 
walls, 

2)  fragments  produced  have  a  much  lower  velocity 
than  do  fragments  produced  from  reinforced 
concrete  walls,  and 

3)  masonry  wall  fragments  have  a  much  shorter 
range. 


Figure  3-19.  Failure  Pattern  for  a  Haydite  Block 
Dividing  Wall  Test 


4.0  CONCLUSIONS 


A  small  scale  test  program  of  reinforced  concrete  and  masonry 
dividing  walls  was  performed  in  order  to  determine  the  fragmentation 
characteristics  of  the  reinforced  concrete  and  masonry  walls  subjected 
to  close-in  blast  effects.  Parameters  of  prime  importance  were:  frag¬ 
ment  velocity,  fragment  shape  and  size,  and  fragment  density  downrange. 
This  test  program  has  been  the  most  highly  documented  wall  1  ..agmentaH on 
test  program  to  date  and  several  important  Innovations  'r.Le  made.  The 
color  coding  of  the  wall  panel  allowed  Ltie  origin  of  the  fragments  to  be 
recorded.  Complete  documentation  of  every  fragment  collected  including 
fragment  dimensional  size,  mass,  hape  and  recovery  location  enabled  sta¬ 
tistical  evaluation  of  the  ieoris  that  was  formed  in  each  experiment. 

Based  on  the  fiagment  characteristics  data  generated  during  these 
experiments  on  reinforced  concrete  panels  and  masonry  walls,  a  number  of 
general  conclusions  can  be  drawn  which  could  be  beneficial  to  designers: 

•  Fragments  produced  as  a  result  of  a  dividing  wall  failure 
can  be  classified  as  either  "chunky"  or  "pancake"  in  shape 
with  the  "chunky"  fragments  traveling  20  to  50  percent 
further  than  the  "pancake"  fragments. 

•  A  wide  range  of  velocities  and  initial  trajectory  angles 
are  present  in  every  test,  however,  the  predominant  tra¬ 
jectory  of  the  higher  velocity  fragments  is  normal  to  the 
panel  surface. 

•  Walls  supported  on  three  sides  as  compared  to  cantilevered 
walls  were  found  to  present  the  greatest  hazard  due  to  higher 
fragment  velocities  at  equivalent  impulse  levels. 

•  For  charges  located  at  one-half  of  the  height  of  the  panel 
above  the  ground,  approximately  twice  as  many  fragments 
originated  from  the  lower  half  of  the  panel  as  from  the  upper 
half.  In  addition,  it  was  found  that  the  panel  underwent  a 
net  rotation,  prior  to  fragment  ejection,  thereby  directing 
the  majority  of  the  fragments  into  the  ground. 

•  For  charges  located  at  one-third  the  height  of  the  panel  above 
the  ground,  i.e.,  simulating  a  charge  located  0.9  m  (three  feet) 
from  the  floor  of  a  full  scale  building,  three  times  as  many 
fragments  originated  from  the  lower  half  of  the  panel  as  from 
the  top  half  with  a  greater  number  traveling  downrange. 

•  Masonry  block  walls  do  not  fragment  as  drastically  as  do  re¬ 
inforced  concrete  walls.  The  fragments  generally  are  quite 
large,  often  consisting  of  one  or  more  complete  blocks,  but 
the  velocities  and  ranges  appear  much  lower. 
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Based  on  the  statistical  distributions  of  fragment  range,  mass, 
and  velocity,  the  following  conclusions  can  be  drawn: 

•  Fragments  emanating  from  the  interior  of  the  panei  comprise 
40%  of  the  number  of  fragments  produced  in  any  test.  Frag¬ 
ments  originating  from  the  front  face  (opposite  the  charg^) 
comprise  another  40%  of  the  fragments.  The  remaining  20%  ' 
of  the  fragments  are  produced  from  the  acceptor  (charge  side) 
of  the  panel. 

•  Mass  and  range  distributions  in  the  format  of  Mott  Distribu¬ 
tions  for  arena  fragmentation  tests  were  prepared.  The  re¬ 
sulting  distributions  for  fragment  range  and  mass  are  quali¬ 
tatively  similar,  and  similar  observations  were  drawn.  More 
fragments  at  each  mass  level,  and  more  fragments  at  each  range 
level  are  produced,  all  other  parameters  held  constant,  when: 

a)  the  total  impulse  applied  to  the  panel  is  increased, 

b)  the  panel  compressive  strength  is  decreased, 

c)  the  reinforcement  spacing  is  increased,  or 

d)  the  number  of  supporting  edges  is  increased. 

Based  on  the  empirical  analysis  of  the  response  parameters,  the  fol¬ 
lowing  conclusions  can  be  drawn: 

•  The  total  impulse  applied  to  the  wall  was  discovered  to  be  an 
important  and  controlling  parameter  in  wall  fragmentation. 

•  The  failure  mechanism  for  cantilevered  walls  was  qualitatively 
different  than  the  failure  mechanism  for  walls  supported  on 
three  edges. 

•  The  largest  velocity  was  found  to  be  independent  of  the  rebar 
spacing,  but  dependent  on  the  total  impulse  acting  on  the  wall, 
the  effective  wall  thickness,  and  the  restraint  conditions. 

•  For  walls  supported  on  one  edge,  the  total  impulse  acting  on 
the  wall,  the  rebar  spacing,  explosive  weight  and  the  effec¬ 
tive  wall  thickness  were  the  primary  factors  controlling  the 
largest  range,  the  number  of  fragments,  the  largest  mass  and 
the  average  mass.  The  fragmentation  hazard,  as  evidenced  by 
the  number  of  fragments,  the  average  and  largest  mass  and 
the.  largest  range,  is  increased  when: 


a)  the  total  impulse  is  increased, 

b)  the  rebar  spacing  is  increased, 

c)  the  panel  thickness  is  decreased, 

d)  the  explosive  weight  is  increased,  or 

e)  the  panel  compressive  strength  is  decreased. 
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Charge  weight  had  no  appreciable  effect  on  walls  supported  on 
Sree  edge!,  outside  of  controlling  the  total  impulse  applied 
to  the  wall.  All  other  fragmentation  hazard  trends  for  walls 
supported  on  three  sides  were  qualitatively  similar  to  those 
f nr  the  cantilevered  walls. 


Concrete  blocks  appear  to  be  superior  to  haydite  blocks  in 
resisting  fragmentation. 
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5.0  RECOMMENDATIONS 


Based  on  the  results  of  this  program  and  the  subsequent  data  anal¬ 
ysis,  the  following  recommendations  are  being  made: 

•  arger  scale,  or  near  full-scale  tests  on  reinforced  con¬ 
crete  dividing  walls  should  be  conducted  to  verify  and  im¬ 
prove  the  empirical  scaling  laws  presented  in  this  report. 

•  Additional  tests  of  masonry  walls  should  be  conducted  to 
verify  the  results  of  the  limited  test  program  conducted 
here  and  to  improve  the  scaling  laws. 

n  Conduct  experimental  programs  to  investigate  more  fully  the 
effect  of  the  total  impulse  on  the  wall  fragmentation  pat¬ 
terns.  Specifically,  investigate  the  difference  between 
large  charges  at  large  standoffs  versus  smaller  charges  lo¬ 
cated  closer  to  the  panel. 

•  Conduct  experimental  programs  to  investigate  the  effect  of 
off-center  charge  placement  on  wall  fragmentation. 

•  Dividing  walls  should  be  built  with  only  one  side  supported 
instead  of  three  sides  supported  to  reduce  potential  frag¬ 
mentation  hazards. 

«  Design  and  test  the  effectiveness  of  new  dividing  wall  con¬ 
cepts  such  as: 

a)  Hollow-walled  reinforced  concrete  dividing  wall  similar 
in  design  to  a  masonry  block,  see  Figure  5-la. 

b)  Solid  reinforced  concrete  walls  designed  to  rotate  on 
failure  as  shown  in  Figure  5-lb.  This  rotation  of  the 
wall  will  direct  the  fragments  into  the  ground  thereby 
reducing  the  potential  fragment  hazard  downrange. 

•  The  data  collected  on  this  program  are  quite  extensive,  how¬ 
ever,  all  aspects  of  the  data  have  not  been  analyzed.  It  is 
recommenced  that  formal  statistical  distributions  of  the  mass, 
and  range  as  a  function  of  the  fragment  origin,  o~  fragment 
shape  be  performed.  Polar  plots  or  fragment  density  contours 
should  be  produced.  The  effect  of  the  concrete  compressive 
strength  should  be  formally  introduced  into  the  empirical 
analysis,  as  well  as  attempts  to  correlate  the  test  results 
with  full-scale  test  data  or  analytical  procedures.  These 
topics  are  suggested  for  further  data  analysis. 
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a)  Hollow  Reinforced  Concrete  Wall 


b)  Hinge  Failure  Reinforced  Concrete  Wall 


Figure  5-1.  Suggested  Dividing  Wall  Concepts 
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APPENDIX  A 


A.l  General 


This  section  of  the  report  summarizes  the  results  of  the  literature 
search  Conducted  for  this  program  and  presents  a  model  analysis  developed 
for  fragmentation  of  reinforced  concrete.  A  brief  discussion  of  the  uses 
of  dividing  walls  and  the  fragmentation  of  reinforced  concrete  has  also 
been  included  in  this  section. 


A.  2  Background  Information 

In  munition  manufacturing  facilities,  reinforced  concrete  dividing 
walls  are  used  as  shields  for  personnel  protection  and  as  physical  barri¬ 
ers  between  explosive  production  steps.  If  an  explosion  should  occur, 
the  dividing  wall  may  break  up  under  the  overpressure  louding.  fragments 
emerging  from  the  hack  side,  of  the  wall  may  impact  an  adjacent  explosive 
source  with  sufficient  energy  to  cause  u  secondary  initiation,  or  may  be 
a  hazard  for  nearby  iihubilred  buildings.  The  sensitivity  of  selected 
munitions  and  explore -ea  to  fragment  impact  is  being  investigated  uud 
sufficient  data  are  available  tc  predict  threshold  initiation  conditions 
(Reference  1).  However,  the  fragment  hnzurd  associated  with  wall  breakup 
under  alaet  loadings  ie  an  uvea  which  hus  not  bean  extensively  studied. 
Current  predictive  techniques  for  determining  wall  fragmentation  are 
baaed  solely  on  analytical  rtudlos  which  have  limited  scopes  ani  few  prac¬ 
tical  design  applications  (/or  example,  C.  A.  Kot  in  References  2  and  3 
provides  u  meins  for  calculating  spoil  iragment  thickness  and  velocity  for 
blast-loaded  concrete  panels  which  iiuva  no  reinforcing) .  Tor  these  rea¬ 
sons,  the  current  safety  regulations  which  have  evolved  /ire  quite  consol- 
vulive: 

1)  buJlditig  must  be  located  such  that  less  than  one  fragment 
pur  33.7  in''  (6Ch  ft^l  expound  building  arou  wifi;  an  energy 
greater  than  78,6  J  (38  foot  pounds)  strikes  the  u true  cure; 

2)  J.f  the  above  criteria  (.1)  cannot  bo  mot,  then  Inhabited 
building  distance'  of  381  m  (1230  ft)  minimum  in  required 
for  siting  quantities  greater  tlum  43.4  leg  (100  lb). 

In  the  majority  of  design  applications*  the  spall  fragment  den¬ 
sity  is  not  known,  so  the  second  and  most  costly  requirement  ii  usually 
enforced . 


A .  2 . 1  Mechanisms  for  fragment  Forma cion 

Wlien  a  reinforced  concrete  elomwot  is  overloaded  by  o  blast  wave, 
the  element  falls  and  concrete  fragments  are  firmed.  Depending  on  the 
degree  of  blast  overload,  the  mechanism  fir  fragment  formation  may  he 
either  spalling,  scabbing  or  the  generation  of  pont-l'n lluTe  fragment*. 
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A. 2. 2  Spalling  of  Concrete 


One  mechanism  of  fragment  generation  for  concrete  or  masonry  walls 
loaded  by  strong  air  blast  waves  can  be  spalling.  This  physical  process 
is  well  described  in  the  literature  (see  References  A  and  5) ,  and  is  shown 
schematically  in  Figure  A-l .  The  reflected  air  blast  wave  is  transmitted 
through  the  wall  as  a  compressive  wave,  with  velocity  IJ  and  normal  stress 
a.  The  shock  velocity  is  somewhat  greater  than  sound  velocity  in  the  con¬ 
crete,  i .  e . , 


U  >  ac  =  (E/p> 1/2  (A-l) 

For  some  types  of  masonry,  there  are  data  which  give  U  as  a  function  of 
shock  strength.  The  wave  enters  the  wall  with  initial  compressive  stress 
«i  ■  Pr,  the  reflected  air  shock  overpressure,  The  profile  of  stress  in 
this  shock  is  determined  by  the  time  history  of  the  reflected  overpres¬ 
sure.  As  the  wave  passes  through  the  wall,  it  may  decay  Blightly  [see 
Figure  A-.l(a)]. 

On  reflection  from  the  rear  face,  the  normal  stress  must  drop  to 
zero,  and  tills  boundary  condition  is  accommodated  by  a  reflected  tensile 
wave  which  at  first  exactly  cancels  the  compressive  stress  in  the  trans¬ 
mitted  wave.  But,  as  the  tensile  wave  continues  back  through  the  wall, 
a  net  tensile  stress  develops,  and  failure  will  occur  at  a  location  where 
this  stress  exceeds  the  tensile  strength  of  the  concrete,  e.g,,  where 
or  oij  in  Figure  A-l(b)  exceeds  tensile  strength, 

The  spalling  process  we  have  just  described  is  essentially  Inde¬ 
pendent  of  wall  boundary  conditions,  provided  the  wall  laterul  dimensions 
are  much  greater  than  the  thickness.  It  is  predictable,  and  it  is  possi¬ 
ble  to  estimate  spall  thickness  and  velocity,  If  wave  profiles  and  wall 
material  properties  are  known.  Actual  fragment  massua  cannot  be  accu¬ 
rately  predicted,  however,  and  one  must  rely  on  test  results  to  determine 
these  masses , 


A . 2 . 1  Heahh lag  of  Co iicrete 

From  Reference  (>,  scabbing  of  reinforced  concrete  elements  in  de¬ 
scribed  as  the  end  result,  of  s  tuna  inn  failure  in  the  concrete  normal  to 
Its  free  surface.  Scabbing  is  associated  witli  large  deflections  which 
occur  In  the  later  stages  of  the  ductile  response  mode  of  the  reinforced 
concrete  clement.  In  general,  the  velocities  of  the  scabbed  fragments 
are  I'wer  than  the  velocities  of  spalled  fragments. 


A. 2. A  Post-Fall  urn  Concrete  Fragments 


In  the  situation  where  a  reinforced  concrete  dement  is  failed  by 
exposure  to  a  substantial  blast  overload,  fragments  are  formed  and 


a)  Tranemission  of  Incident  Shock 


b)  Reflection  from  Beer  Face 

Figure  A*l,  Schematic  of  Shock  Transmission  and 
Reflection  in  Concrete  Wall 
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displaced  at  high  velocities  (Reference  6) .  Failure  of  an  element  is  char¬ 
acterized  by  the  dispersal  of  concrete  fragments  formed  by  the  cracking  and 
displacement  of  the  concrete  between  the  doner  and  receiver  layers  of  the 
r?mforcement .  As  an  element  deflects  and  the  concrete  begins  to  crush, 
the  compression  stresses  normalJy  resisted  by  the  concrete  are  transferred 
to  the  reinforcement.  With  increased  deflections,  these  compression  forces 
tend  to  buckle  the  reinforcement  outward  thereby  initiating  the  rapid  dis¬ 
integration  of  the  element. 

The  velocity  of  individual  fragments  varies  and  depends  on:  (1)  the 
magnitude  of  the  excess  impulse  defined  as  the  Mast  impulse  minus  the  flex¬ 
ural  impulse  capacity  of  the  element  (area  under  the  resistance- time  curve) , 
(2)  the  mass  of  the  fragment,  (3)  the  location  of  the  fragment  prior  to  col¬ 
lapse,  (4)  the  interaction  between  the  fragments  during  their  flight  and 
(5)  the  strength  and  time  history  of  the  compressive  stress  wave  transmitted 
through  the  dividing  wall  as  the  blast  wove  is  reflected.  Although  the  velo¬ 
cities  of  Individual  fragments  differ,  the  average  translational  velocity 
Vf  of  the  debris  after  complete  failure  can  be  approximated  from  the  excess 
Impulse  ie,  and  the  momentum  of  the  wall  after  collapse.  Equation  (A-2), 
taken  from  Reference  6,  provides  «  means  of  estimating  the  fragment  velo¬ 
cities  from  the  blast  Impulse  and  a  knowledge  of  the  dividing  wall  geometry. 
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where 


i^  -  applied  unit  blast  impulse 

Pyi  «=  reinforcement  ratio  in  the  horizontal  direction 
de  ■  distance  between  the  centroids  of  the  compression  and 
tension  reinforcement 

fjB  ■  dynamic  design  strums  for  the  reinforcement 
II  *»  span  height 

Vf  "  mm; i mum  velocity  of  the  post-fullur'*  irngmentr 
Cu  *»  impulse  coefficient 
C j:  "  pout-i al Jure  fragment  coefficient 


A ,  3  hi  to future  Sea  roll 

A  nimibor  of  documents  were  reviewed  for  •Information  pertinent  to 
this  program  and  a  l  ist  of  those  documents  .is  presented  heru  as  Tab!'  A-l. 
In  audition  to  providing  data  on  tents  of  reinforced  concrete,  these  re¬ 
ports  provided  Information  on  areas  such  my:  the  use  of  deformed  rein¬ 
forcement  wJ re  to  simulate  full-size  reinforcement  bars;  predictive  tech¬ 
niques  for  e aieu luting  the  fragmentation  character  1st  leu  of  relnforcud 
conc'-utu  wells;  predictive  techniques  for  calculating  spall  fragment 
thickness  and  velocity  lor  blust-losded  concrete  panels  without  reinforce¬ 
ment;  and  actual  designs  of  reinforced  concrete  and  masonry  dividing  walls. 
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The*  information  found  in  the  literature  was  used  as  a  basis  for  the 
model  analysis  developed  by  SwRl  for  reinforced  concrete  walls,  the  test 
plan  developed  to  validate  the  analytical  results,  and  the  performance  of 
the  validation  tests  and  the  associated  data  reduction. 


A . 4  Model  Analysis 

The  model  analysis  for  fragmentation  of  reinforced  concrete  ele¬ 
ments  overloaded  by  blast  impulse  is  presented  in  this  section.  The  model 
analysis  begins  with  a  description  of  the  pertinent  geometry,  constitutive 
and  mechanical  properties  for  the  problem  at  hand.  The  next  step  is  to 
derive  the  nondimenuional  pi  terms  from  the  previously  developed  list  of 
parameters.  The  similitude  relationships  are  summarized  and  a  discussion 
of  the  requirements  for  replica  modeling  Is  presented.  The  implications 
of  the  model  analysis  and  potential  problems  are  described. 

Table  A-2  presents  the  list  of  parameters  for  the  problem  uf  frag¬ 
mentation  of  reinforced  concrete  dividing  walls  overloaded  by  blast  im¬ 
pulse.  For  convenience,  the  parameters  are  categorized  by  the  concrete, 
rebar  and  explosive  source  characteristics  and  responses.  The  parameters 
describing  the  concrete,  rebar,  and  the  explosive  source  are  self-explana¬ 
tory;  however,  the  response  parameters  require  further  clarification.  The 
damage  caused  to  the  panel  consists  of  (u)  fragmentation  and  (b)  distor¬ 
tion  of  the  remaining  panel.  Distortion  of  the  panel  remnant  cun  be  char¬ 
acterized  by  deflection,  rotation  and  strain  of  the  concrete  and  steel, 
components.  The  fragmentation  response  may  be  characterized  by  the  frag¬ 
ment:  velocity,  muso,  dimension  range,  trajectory  nngle  and  the  number  of 
fragments.  Obviously,  the  fragments  emerging  from  tin'  dividing  wall  are 
nut  identical,  so  the  paramo  tors  vf,  my,  do,  gp  represent  average  frag¬ 
ment.  characteristics,  and  statistical  distribution  functions,  ip,  will,  be 
used  to  represent  the  variability  in  the  fragment  characteristics. 

The  second  stop  in  performing  a  model  analysis  is  to  develop  the 
similitude  relationships.  These  relationships  are  nond linens i onu l  ratios 
of  physical  parameters,  such  as  those  listed  In  Table  A~3,  which  must  be 
held  invariant  between  the  model  and  prototype  systems  if  the  model  scale 
tent  ro'Hults  are.  to  be  representative  of  the  full-scale  responses.  The 
procedure  for  obtaining  the  nond! mens ionul  ratio:*,  and  a  format,  discus¬ 
sion  of  their  application  is  given  in  Unfercmce  7.  Leoudl,  in  'deference 

B,  provides  a  atup-by-stop  dascrlpt'ori  of  the  procedure  for  obtaining 

t  he  nondimetis  Lonai  rut  Loa  for  the  problem  of  dividing  wall  fragmentation, 
(line®  the  mechanism  for  deriving  the  nondimenuJ.ouul  ratio  (pi  terms)  i a 
so  adequately  explained  in  those  references,  only  the  resulting  torma  are 
presontod  it;  this  report.  Table  A -3  .lists  the  pi  terms  for  the  dividing 
and  fragmentation  problem.  In  this  table,  the  p(  terms  '.ire  grouped  ac¬ 
cording  to  the  typo  of  al.iilinrlty  represented . 

Thu  first  four  pi  terms  and  terms  it^  through  1122  are  statements 
of  geometric  similarity  .  FI  term  5  relates  the  density  of  the  rebar  to 
that  of  ihu  concrete.  Thus,  all  densities  must  be  oculed  by  the  same 
factor  y,  between  the  model  and  prototype  aystoms,  1M  terms  7,  8,  q, 


Table  A-2 .  List  of  Parameters 


PAMMETO 


SYMBOL  DIMENSION 


Concrsta 

characteristic  diaer.alon  (span,  thickness) 

aggragat*  alia 

density 

compressive  atrangth 
tensile  acrangth 
elastic  aodulua 
Poieaon'e  ratio 


Ssiai 

characteristic  dimension  (disaster,  spacing) 

reinforcement  ratio 

danalty 

ultimate  atrangth 
tanaila  atrangth 
alaatlr  moduli 


anargy  In  aourca 
standoff  dlatanee 
blast  praauvira 
blast  Impulse 
loading  time 


L 

L 

ft2/l4 

r/i2 

t/l1 

t/l1 


ft2/la 

T/L2 

t/l2 

T/L2 

r  l 

L 

T/L2 

rr/L: 


gasrunsa* 

dal  lactlon  of  concrete 
rotation  of  concrate 
ila( aria/"  Ion  o t  riba' 
rotation  of  rabar 
strain  in  oonorsta 
atraln  It  rf’;ar 
trajectory  ingia 
fiaguiant  valptttv 
i ragman t  mas* 
distribution  function* 
Uaprant  r.harautu  latic  ala* 


b 

c 

0 

t 


9 

a 


t 


a 


v 

M 


f 

I 


» 


L 


Lh 

t 


l 


( ragman t  tang* 
number  of  fragaanta 


l 


Table  A-3.  List  of  Pi  Terms 


l«sa«cric  tlailarity 


.  R’C  /V 
c 


conitlcutlv*  »iail»rlty 


■  l  •xpiodv*  bU»t  output 


.  It1/#*1 
c  c 


l*oa«trls  olailarity  of  th*  roapomoo 


W#c 


cuuititut tvo  •l*U»tlty  of  th«  io«pon»«» 


kin cattle  alaHiUcy 


10  and  11  require  that  the  strength  and  moduli  of  the  concrete  and  steel 
be  scaled  by  the  same  factor,  ip .  Ideally,  this  implies  that  the  stress- 
strain  curve  of  the  concrete  and  steel  should  scale  between  the  model  and 
prototype.  Additionally,  tt 24 1  ^25  and  ^12  require  that  the  strain  in  the 
concrete  and  steel,  and  Poisson's  ratio  of  the  concrete  all  be  invariant 
between  model  and  prototype  systems.  The  only  practical  way  to  maintain 
the  invariance  of  the  density,  strength,  strain  and  Poisson's  ratio  be¬ 
tween  the  two  systems  is  to  construct  both  the  model  and  prototype  cut  of 
the  same  materials.  A  model  of  this  type  is  called  a  replica  model.  Ob¬ 
viously,  to  maintain  geometric  similarity  as  well,  not  only  is  it  neces¬ 
sary  to  shrink  down  the  rebar  size  and  panel  dimensions,  it  is  also  neces¬ 
sary  to  use  scaled  concrete  aggregates.  Scaled  aggregates  in  modeling  of 
reinforced  concrete  has  been  successfully  employed  by  a  variety  of  re¬ 
searchers  to  predict  full-scale  penetration  by  missiles  as  well  as  wall 
fragmentation  accurately. 

The  requirements  for  similarity  of  the  explosive  charge  are  given 
by  pi  terms  6,  13,  14,  15  and  28.  Pi  term  6  can  be  used  to  fix  the  scale 
factor  of  the  energy  in  the  explosive  source.  Since  the  scale  fuctor  for 
the  geometric  length  is  X  and  for  stress  is  t|>,  the  scale  factor  for  energy 
must  be  X^.  For  a  replica  model,  t|;  is  1.0  and  the  scale  factor  for 
energy  is  X3.  Similarly,  the  scale  factors  for  blast  pressure,  impulse 
and  loading  time  can  be  established  from  terms  11^3,  H| /, ,  and  uj  3  ns  1.0, 
YJh,  and  X  (y/ijO*5  (1.0,  X  and  X  for  replica  modeling). 

The  scale  factor  for  mass  and  velocity  cun  be  derived  from  and 
if 28 *  respectively.  The  scale  factors  for  these  quantities  are  X^y  unc*  Y“ ^ 
(X-3  and  1.0  for  replica  modeling).  The  scule  fuctors  for  ull  physical 
quantities  are  summarized  in  Table  A-4 .  Although  the  intention  is  to 
build  replica  models  in  this  program,  the  scaling  law  for  a  dissimilar 
model  is  given  in  the  table.  Note  that  an  entry  of  1.0  in  the  table  Im¬ 
plies  that  tliis  parumeter ,  e.g.,  pressure,  is  the  same  in  the  model  and 
the  prototype.  The  model  analysis  can  be  used  to  suggest  a  poss.lb.le  re¬ 
presentation  of  the  physical  process  of  wall  fragmentation.  This  In  done 
by  grouping  the  response  parameters  together  on  the  left  side  of  an 
equality  and  the  remaining  parameters  on  the  right  side: 


/p  U3C 

(RESPONSES)  -  f 


Responses  measured  during  this  program  consisted  of  the  fragment' 
mass,  velocity,  dimensional  size  and  range,  and  the  number  of  fragments 
generated.  Because  of  the  large  quantity  of  data  obtained  In  (ho  tests, 
attempts  to  correlate  the  data  with  the  test  conditions  should  consist 
of  two  parts: 

•  correlation  of  maximum  responses  (maximum  velocity, 
maximum  range,  etc.) 
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Table  A~A.  Model  Law  for  Dividing  Wall  Fragmentation 


Parameter 

Replica  Scaling 

Law 

Dissimilar  Material 
Scaling  Law 

Lengths 

X 

X 

Angles 

1.0 

1.0 

Densities 

1.0 

Y 

Strengths,  moduli 

1.0 

* 

Poisson's  ratio 

1.0 

1.0 

Strains 

1.0 

1.0 

Velocities 

1.0 

-H 

Y 

Mass 

X3 

X3y 

Reinforcement  ratio 

1.0 

1.0 

Explosive  energy 

X3 

X3 

Pressure 

1.0 

1.0 

Impulse 

X 

A 

Time 

X 

Number  of  fragments 


1.0 


1.0 


*  statistical  distribution  of  the  fragment  characteristics 
(mass,  range) . 

A  functional  format  relating  the  above  responses  and  parameters  describing 
the  concrete  wall  and  the  explosive  charge  is  given  in  equation  (A-4) : 


“l 


•l 

Nf 

iKM) 

<KR) 


f  ^TOt*  W*  R«*  cc*  nss) 


(A-4) 


where 


ml 

Vt 

£ 

Nf 

*(M) 

<P(R) 

ITOT 

W 

R. 


lss 


largest  recovered  fragment  mass 
largest  fragment  velocity 
largest  fragment  range 
total  number  of  fragments  recovered 
fragment  mass  distribution 
fragment  range  distribution 
total  impulse  delivered  to  the  wall 
charge  weight 
rebar  spacing 

concrete  thickness  covering  rebar 
number  of  supported  edges  of  the  panel 
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TEST  SUMMARIES  FOR  CANTILEVERED  WALLS 
NOMINALLY  50  mo  (2  in)  THICK 


num 


fij 


95 


Rebar 

Spacing 

(mm) 

50.8 


50.8 


50.8 


50.8 


Thickness  W  R 

(°m)  -  -  _£jpL_ 


Summary 


52.39 


53.97 


53.97 


50.8 


Q.2^1  0.152  Charge  was  centered 

vertically  behind  the 
wall.  Wall  was  blown 
down  by  the  blast  but 
it  did  not  start  to 
fragment  until  the  wall 
had  started  to  collapse. 
Fragments  were  directed 
into  the  sand  within  a 
few  feet  of  ground  zero 
and  skipped  downrange. 

0.227  0.076  Charge  was  centered 

vertically  behind  the 

wall.  Center  of  the 
wall  was  blown  out  by 
the  blast.  Fragments 
traveled  parallel  to 
the  ground  surface  be¬ 
fore  coming  to  rest. 

0.454  0.183  Charge  was  positioned 

1/3  of  the  way  up  the 

bottom  of  the  wall. 

Wall  sheared  off  com¬ 
pletely  at  the  base. 
Approximately  half  of 
the  wall  was  still  at¬ 
tached  but  severely 
cracked  and  traveled 
about  3.0  meters  down- 
range. 


0.454  0.183  Wall  sheared  off  com¬ 

pletely  at  the  base 
and  traveled  about  4.9 
meters  downrange.  Wall 
broke  up  into  three 
major  pieces  but  all 
three  pieces  were  still 
attached  to  one  another 
by  the  rebar.  The  top 
half  of  the  wall  (green 
and  blue  quarters)  were 
almost  Intact.  A  large 
number  of  charge-side 
fragments  were  found  in 
the  pit. 


but  did  not  shear  off. 
Majority  of  the  frag¬ 
ments  originated  from 
the  center  of  the  wall 
and  were  ejected  normal 
to  the  wall  surface. 


Test 

No. 

Rebar 

Spacing 

iasL- 

Thickness 

(mm) 

W 

R 

_&L_ 

Summary 

3 

25.4 

57.15 

0.227 

0.127 

Wall  was  broken  at  the 

52.39 


0.454  0.183 


Wall  sheared  off  at  the 
base;  however,  the  ver¬ 
tical  reinforcement  on 
the  charge  side  remained 
attached  to  both  the 
wall  and  the  base.  Ma¬ 
jority  of  the  fragments 
came  from  the  lower  por¬ 
tion  of  the  wall  near 
the  base. 


52.39 


0.454  0.183 


52.3^r 


0.227  0.147 


Wall  broke  at  the  base 
but  did  not  shear  off. 
Wall  had  a  horizontal 
break  approximately  28 
cm  from  the  top  of  the 
wall.  Fragments  ori¬ 
ginated  from  the  center 
of  the  wall;  however,  a 
number  of  charge-side 
fragments  were  found  in 
the  pit. 

Wall  cracked  at  the 
base  and  slumped  over 
about  30°.  Only  three 
fragments  were  produced 
and  these  originated 
from  the  center  of  the 
wall . 


52.39 


0.454  0.147 


Wall  cracked  at  the 
base  and  completely 
collapsed.  Wall  was 
attached  to  the  base 
by  the  vertical  rebar. 
Majority  of  the  frag¬ 
ments  originated  from 
the  center  of  the  wall. 
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Test 

No . 

Rebar 

Spacing 

(mm) 

Thickness 

(mm) 

W 

R 

(m) 

Summary 

13 

50.8 

53.97 

1.361 

0.320 

Wall  sheared  off  com¬ 
pletely  at  the  base. 
Wall  was  uniformly  cut 

about  7.62  cm  below 
the  center  of  the  wall. 
Upper  portion  flew  a- 
bout  14  m  downrange. 
Upper  quadrants  (blue 
and  green)  were  attached 
to  one  another  and  did 
not  fragment  even  though 
they  did  crack.  Wall 
section  skipped  eight 
times  before  coming  to 
rest. 


x 


& 


Rebar 

Spacing 

(mm) 


Thickness 

(mm) 


W  R 

(kg)  (rc)-- 


Summan 


80.96 


0.454  0.183 


80.96 


0.454  0,147 


80.96 


0.454  0.183 


80.96 


0.454  0.128 


Wall  failed  at  the 
base  but  did  not  shear 
off.  Center  of  the 
wall  was  well  broken 
up  and  the  majority  of 
the  fragments  came  from 
the  center  of  the  wall. 

Wall  failed  at  the  base 
but  did  not  shear  off. 
Majority  of  the  frag¬ 
ments  came  from  the  cen¬ 
ter  of  the  wall.  This 
test  was  a  repeat  of 
Test  No.  6  but  with  a 
higher  impulse.  More 
fragments  were  produced 
and  the  fragments  had  a 
larger  average  mass  and 
a  greater  range  than 
those  observed  in  Test 
No.  6. 

Wall  failed  at  the  base 
and  fell  forward,  but 
did  not  shear  off.  Very 
few  fragments  were  pro¬ 
duced  and  most  came  from 
the  charge  side.  No 
fragments  from  the  back¬ 
side  of  the  wall  were 
produced . 

Wall  failed  at  the  base 
but  did  not  shear  off. 

A  large  number  of  frag¬ 
ments  were  produced, 
the  majority  coming  from 
the  lower  portion  of  the 
wall. 


Rebar 

Spacing 

(mm) 


50.80 


50.80 


50.80 


Thickness  W  R 

(mm)  (kg)  _  (m). 


Summary 


77.79 


76.20 


80.96 


0.454  0.183  Panel  sheared  off  at  the 

base.  Panel  was  broken 
into  two  pieces  with  the 
larger  piece  landing  a- 
bout  0.7  m  into  the  pit 
and  the  small  piece  land¬ 
ing  just  inside  the  edge 
of  the  pit.  Host  of  the 
fragments  came  from  the 
lower  center  of  the  panel 
(red  and  white  quadrants). 
Upper  part  of  panel  was 
intact  (green  and  blue 
quadrants) . 

0.454  0.147  Panel  sheared  off  at  the 

base  and  landed  about  1 
m  into  the  pit.  The  top 
portion  of  the  panel 
(green  and  blue  quadrants) 
were  still  attached;  how¬ 
ever,  there  was  a  cfack 
between  the  two  quadrants. 
Portions  of  the  red  and 
white  quadrants  Were  still 
attached  to  the  base  by 
the  tebar.  Most  of  the 
fragments  came  from  the 
lower  center  section  of 
the  panel  (red  and  White 
quadrants) .  Three  frag¬ 
ments  landed  outside  of 
the  recovery  pit  on  the 
left  her.d  side. 

0.454  0.127  Wall  sheared  off  at  the 

base  and  the  upper  two 
thirds  landed  2.1  m  down- 
range.  The  upper  quadrant 
(blue  and  green)  was  basic¬ 
ally  intact  but  was  cracked 
at  th«  center.  Large  num¬ 
ber  of  fragments  were  pro¬ 
duced  and  several  large 
fragments  traveled  approxi¬ 
mately  18  m. 


Test 

No . 

Rebar 

Spacing 

(mm) 

Thickness 

(mm) 

W 

JM&L 

R 

Summary 

18 

50.80 

80.96 

1.361 

0.219 

Wall  completely  sheared 
off  and  was  broken  up 
extensively.  Large  frag- 
ment  from  white  quadrant 

flew  15  m.  Large  blue 
and  red  fragment  flew  17 
m.  Several  large,  frag¬ 
ments  (red  quadrant)  flew 
about  31  m  (next  to  back 
fence) •  Backstop  at 
fence  had  numerous  frag- 
me. tit  hit 8. 


•j 


9 


105 


Rebar 

Test  Spacing  Thickness 
No.  (mm)  (ran) 


W 

(kg) 


R 

(m) 


Summary 


24 


25.4 


50.80 


0.454  0.183 


26 


25.4 


55.56 


0.454  0.146 


30 


25.4 


52.39 


0.454  0.219 


Lower  center  of  the 
wall  waa  blown  out, 
leaving  the  rebar  on 
each  face.  The  upper 
0.3  m  of  the  panel  were 
relatively  intact,  ex¬ 
cept  for  a  vertical 
crack  at  the  wall  mid¬ 
span  and  cracks  at  the 
edges  of  the  side  re¬ 
tainers  .  Relatively 
few  fragments  were  pro¬ 
duced  and  the  majority 
of  those  produced  were 
relatively  small  and 
only  about  as  thick  as 
the  rebar  cover. 

Wall  was  well  broken 
up  but  did  not  shear 
off.  Wall  was  severely 
cracked  at  the  sides 
and  translated  forward 
but  the  rebar  held  it 
to  the  frame.  Majority 
of  fragments  are  from 
the  lower  center  (red 
and  white  quadrants) . 

Wall  did  not  shear  off 
but  was  severely  broken 
and  had  a  large  vertical 
crack  at  the  center . 

Sides  at  the  restraints 
were  also  cracked  severe¬ 
ly.  Center  of  wall  trans¬ 
lated  towards  the  pit  and 
the  wall  ended  up  being 
"V"  shaped.  Majority  of 
fragments  are  red  and 
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Rebar 


Test 

Spacing 

Thickness 

W 

R 

No. 

(mm) 

(mm) 

(kg) 

(m) 

Susmary 

35 

25.4 

50.80 

1.361 

0.387 

Wall  was  completely 

sheared  off  at  the 
base  and  sides  and 


flew  26  m  dovnrange. 
Wall  was  broken  ver¬ 
tically  and  horizon¬ 
tally  but  was  ralative- 
ly  intact.  Fragments 
flew  outside  of  sand¬ 
pit  and  some  hit  the 
plywood  backstop  at 
fence . 


*r*  t»  "1 VM 


Test 

No. 

Rebar 
Spac ing 

..  .IgL- 

Thickness 

(aw) 

W 

.(ML 

R 

JsL. 

Summary 

23 

50.8 

50.80 

0.454 

0.383 

Wall  sheared  off  com¬ 
pletely  at  the  base 

and  at  the  aide  re¬ 


straints.  Large  sec¬ 
tion  of  upper  wall 
(blue  and  red  quad¬ 
rant)  landed  about 
l  ,n  in  the  pit.  A 
large  piece,  mostly 
green  and  some  white, 
landed  about  2  m  into 
the  pit.  Concrete 
was  stripped  off  of 
the  rebar  at  some 
places. 


25  50.8 


50.80 


n  454  0.146  Entire  exposed  portion 

0,45  of  the  wall  was  blown 

down  out  of  the  frame. 

One  large  piece  (mostly 
blue  with  some  red) 
traveled  7m.  A  second 
large  piece  (mostly 
green)  went  8  m.  The 
blue  fragment  hit  at 
4.5  m  and  rolled  the 
rest  of  the  way.  The 
green  fragment  hit  and 
also  rolled .  There 
was  a  very  large  angu¬ 
lar  dispersion  of  frag¬ 
ments.  Many  fragments 
were  found  outBide  of 
the  sand  pit  (especially 
to  the  right)  and  several 
fragments  hit  the  back¬ 
stop  at  the  end  of  the 
sand  runway. 


31  50.8 


50.80 


0.219  Wall  did  not  shear  off 
but  was  agoin  cracked 
in  the  center  ("V” 
shaped) .  Sides  at  the 
restraints  were  cracked. 
The  majority  of  the 
fragments  originated 
from  the  lower  center  of 
the  wall. 


Ill 


Test 

No. 

Rebar 

Spring 

(mm) 

Thickness 

(mm) 

V 

.felL 

R 

_i»L 

32 

50.8 

53.97 

0.454 

0.219 

Wall  was  completely 
broksn  In  half  at  tha 
cantar  but  remained 
attachad  at  tha  aidaa 
by  tha  rabar.  Wall 
la  in  a  "V"  ahapa  with 
about  a  2.5  cm  gap  at 
tha  top  of  the  Vea. 

Few  fragments  were 
producad»  mostly  rad 
and  white.  Large  num¬ 
ber  of  fragments  on 
the  charge  side  but 
all  fell  at  the  base. 


77.79 


0.454  0.128 


restraints  but  did  not 
shear  off.  Wall  has  a 
vertical  crack  at  the 
midspan.  Majority  of 
the  fragments  are  from 
the  wall's  lower  center 
(white  and  red  quadrants). 
Some  fragments  were  pro¬ 
duced  from  the  upper 
quadrants  (blue  and  green) . 
The  white  quadrant  frag¬ 
ments  a^re  mostly  the  rebar 

covering. 

\ 

Wall  is  cracked  at  the 
base  anc|  at  the  side  re¬ 
straints  but  was  held  in 
place  by  the  rebar.  Wall 
has  a  vertical  crack  at 
the  midspan.  Majority  of 
the  fragments  were\from 
the  lower  center;  hdwever, 
some  fragments  were  pro¬ 
duced  from  the  upper  quad¬ 
rants. 


77.79 


0.454  0.219 


Wall  has  a  vertical  crack 
at  the  center  and  is 
cracked  at  the  sides  but 
is  relatively  intact.  No 
large  fragments  of  any 
color.  Wall  has  a  4  inch 
circular  area  broken  up 
on  the  charge  side  (con¬ 
crete  cover  over  the  re¬ 
bar  is  broken  out) . 


79.38 


0.454  0.183 


Wall  has  a  vertical  crack 
at  the  midspan  and  is 
cracked  at  the  side  re¬ 
straints.  One  edge  of 
the  break  is  displaced  a- 
bout  2.5  cm.  Very  few 
fragments  were  produced. 
Charge  side  is  well  broken 
up  but  fragments  fell  at 
the  base. 
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Rebar 

Test  Spacing  Thickness  W  R 

.No-.,  (mm)  (mm)  (kg)  (m)  Summary 

36  25.4  77.79  1.361  0.320  Wall  was  completely 

sheared  off  at  the 
base  and  sides.  Two 
large  pieces  flew  down- 
range.  One  piece,  the 
green  and  white  half, 
landed  17  ui  downrange 
and  approximately  1  m 
on  the  left  side  out¬ 
side  of  the  recovery 
pit.  Blue  quadrant, 
with  about  5  cm  of  the 
red  quadrant,  flew  ap¬ 
proximately  4.3m  down- 
range  . 


gffcp  '•■’srpf  > 


V 


Rebar 

Test 

Spacing 

Thickness 

W 

No. 

(mm) 

(mm) 

i  19 

50.8 

80.96 

0.454 

0.183 


80.96 


0.454  0.146 


77.79 


0.454 


0.219 


76.20 


0.454 


0.198 


Summary 


Wall  sheared  off  on 
both  side  restraints 
and  at  the  base  but 
was  held  by  the  rebar. 

Wall  had  vertical  crack 
at  the  midapan  and  was 
well  broken  up.  Most 
of  the  fragments  were 
from  the  lower  center. 
Charge  side  is  also  well 
fractured  but  most  of 
these  fragments  remain¬ 
ed  on  the  charge  side 
at  the  base  of  the  wall. 

Wall  is  completely  frac¬ 
tured  and  the  upper  part 
sheared  off  at  both  side 
restraints  and  translated 
approximately  20  cm. 

Lower  part  of  wall  is 
still  attached  at  the 
base  by  the  rebar.  Wall 
has  a  large  vertical 
crack  at  the  midspan  and 
most  of  the  fragments  are 
from  the  lower  center. 

Wall  did  not  shear  off. 
Wall  has  a  vertical  crack 
at  the  center  and  cracks 
at  each  side  (support 
sides) .  Fragments  are 
from  the  lower  center  and 
are  mostly  red  with  some 
white  and  a  few  blue. 

Wall  did  not  shear  off 
but  has  a  vertical  crack 
at  the  center.  Wall  is 
cracked  at  the  restraints 
but  not  broken  up  badly. 
Very  few  fragments  .  The 
fragments  are  from  the 
lower  center  (mostly  red 
and  white) .  A  small  pile 
of  fragments  found  on  the 
ground  at  the  base  (back- 
face  side) . 


11/ 


Rebar 

Spacing 

Thickness 

W 

R 

(mm) 

(mm) 

_1eL. 

Summary 

50.8 

77.79 

0.454 

0.160 

Wall  did  not  shear  off 
but  has  a  vertical  crack 

at  the  center  and  the 
aides  are  cracked  at  the 
restraints.  Hole  blown 
out  01  the  lower  center 
of  the  wall.  Majority 
of  fragments  are  red  on 
white. 
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PANEL  CHARACTERISTICS 
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